Featured Application: This paper determined the culture conditions for optimal peroxidase production by Ensifer adhaerens NWODO-2, which are necessary for large-scale production. Moreover, utilization of agricultural residues as cheap renewable substrates by the bacteria would be a cost-effective means of peroxidase production.
Introduction
Peroxidases are oxidative enzymes with the capacity to oxidize several recalcitrant compounds. They are characterized by several biotechnological potentials spanning different industries including
Materials and Methods

Isolation of Ligninolytic and Peroxidase-Producing Bacteria
The bacteria was isolated from a Tyhume River (Geograhical coordintes: 32 • 
S and 26
• 51 E) sample by an enrichment method, with the use of alkali lignin as sole carbon source [20] . Thereafter, the organism was selected based on its lignin-degrading activity and peroxidase production potential [14] . The sequence analysis of the 16S rRNA gene of the organism indicated 99% similarity to Ensifer adhaerens S4-6 (KY496256) as reported in our previous study [14] .
Exoperoxidase Production under Submerged Fermentation (SMF)
Peroxidase was produced under submerged fermentation as described in our previous study [14] using an alkali lignin medium (ALM) comprising the following: K 2 HPO 4 (4.55 g L −1 ), KH 2 PO 4 (0.53 g L −1 ), MgSO 4 (0.5 g L −1 ), NH 4 NO 3 (5 g L −1 ), yeast extract (0.1 g L −1 ) and 0.1% w/v alkali lignin (Sigma-Aldrich, Pretoria, South Africa). Briefly, the fermentation medium was aseptically inoculated with 2% bacterial suspension (Optical density @ 600 nm ≈ 0.1) and then incubated at 30 • C and 140 rpm for 48 h, the period at which peroxidase activity was initially detected during the qualitative screening [14] . Subsequently, cultures were withdrawn and centrifuged at 10,000 g and the supernatant was used as crude enzyme for the determination of peroxidase activity. The enzyme production was carried out in triplicate, with the tests run at the same time. All the medium components except alkali lignin were sourced from Merck KGaA, Darmstadt, Germany.
Determination of Peroxidase Activity
The enzyme activity was determined according to the method of Chance and Maehly [21] , with some modifications reported in our previous study [14] . Briefly, about 25 µL of crude enzyme was added to a mixture containing 5% w/v pyrogallol (substrate) and 0.1 M potassium phosphate buffer (pH 6.0). The reaction was initiated by 0.5% v/v H 2 O 2 (30% w/w) and the linear increase in absorbance at 420 nm was examined for 1 min 42 s using a SynergyMx 96-well microplate reader (BioTek Instruments, Winooski, VT, USA). The reaction mixture without crude enzyme was used as the blank. In this study, a unit of peroxidase activity was defined as the amount of enzyme required for oxidation of 1 µmole of pyrogallol to purpurogalin in 34 s.
Determination of Process Parameters for Optimal Exoperoxidase Production
The process parameters for optimal exoperoxidase production were assessed using the method reported by Fatokun et al. [22] with some modifications. The initial pH for optimal exoperoxidase production was evaluated by growing Ensifer adhaerens NWODO-2 in an ALM with the initial pH ranging from 3 to 11 at 30 • C. Thereafter, the optimum incubation temperature was determined by growing the test bacteria at different temperatures, ranging from 20 to 45 • C in the same fermentation medium with pH 7, being the optimal initial pH for exoperoxidase production by the bacteria. Then, the influence of agitation speed on exoproduction of peroxidase was assessed by cultivating the test organism in the fermentation medium at predetermined conditions (30 • C, pH 7) and different agitation rates: 0 to 200 rpm.
Furthermore, the impact of lignin monomers on exoproduction of peroxidase was assessed by growing Ensifer adhaerens NWODO-2 in an alkali lignin fermentation medium augmented with 1 mM of various lignin monomers: guaiacol, veratryl alcohol, vanillin, vanillic acid and ferulic acid [12] using the following optimal parameters for the enzyme production: temperature (30 • C), initial pH (7) and agitation speed (100 rpm). The alkali lignin medium without supplementation was used as control. Subsequently, the test bacteria was grown in the production medium, wherein the nitrogen source was augmented with varied inorganic nitrogen (ammonium nitrate, ammonium chloride and ammonium sulphate) at the predetermined optimal conditions for exoperoxidase production (30 • C, pH 7, 100 rpm). In this case, the medium not supplemented with inorganic nitrogen (yeast extract only) served as the control. All the experiments were done in three replicates.
Exoperoxidase Production Over a Time Course
The exoperoxidase production by Ensifer adhaerens NWODO-2 and its cell growth were evaluated over 144 h using the optimized process parameters determined in this study. The supernatant recovered from the culture was assayed for exoperoxidase and non-peroxide dependent exoenzyme production every 24 h [23] . Also, the total concentration of protein was estimated according to the method of Bradford [24] as reported earlier in our recent study [25] . Then, the bacterial growth was determined by the optical density at 600 nm.
Utilization of Agricultural Residues for Exoperoxidase Production
Some agricultural residues (sawdust, wheat straw and corn stover) obtained from Alice metropolis, South Africa, were utilized for exoperoxidase production using solid state fermentation (SSF). The residues were prepared as described by Falade et al. [25] and, subsequently, were utilized as substrates for exoperoxidase production using the method described by Neifar and coauthors [26] with slight modifications reported in our previous study [25] .
Polymerase Chain Reaction (PCR) Detection of Peroxidase Gene
DNA was extracted from the pure culture of Ensifer adhaerens NWODO-2 using boiling method [27] as described in our previous study [28] . The extracted DNA was used for the polymerase chain reaction (PCR), which was performed in a thermocycler (G-STORM, Essex, UK) with the following primers, designed using primer premier version 5.0 and synthesized by Inqaba Biotech, South Africa (Forward: 5 -CGACCCTGCCTACGAAAAGAT-3 and Reverse: 5 -ATAGTTGCGGAAGCCCTCGGA-3 ). The following PCR conditions: initial denaturation at 95 • C (5 min); denaturation at 94 • C (1 min); annealing at 58 • C (1 min); extension at 72 • C (1 min) for 35 cycles and final extension at 72 • C (5 min) were used. The amplified product was electrophoresed in 1.5% agarose gel and viewed under ultraviolet (UV) trans-illuminator. Thereafter, the PCR product was subjected to Sanger dideoxy sequencing analysis, then, the nucleotide sequence was searched in UniProt Knowledgebase and PeroxiBase database using the blastx program.
Bioinformatics Analysis
The deduced protein sequence of Ensifer adhaerens NWODO-2 and selected bacterial peroxidases from PeroxiBase were analyzed using bioinformatic tools. The phylogenetic analysis was conducted using the neighbour-joining method [29] in MEGA 7.0 software [30] while the physicochemical properties (molecular weight and isoelectric point) were determined by Geneious 10.2.2 (Biomatters, Ltd., Auckland, New Zealand).
Data Analysis
Data, where appropriate, were subjected to one-way analysis of variance (ANOVA) followed by Tukey's Multiple Comparison Test using Graph Pad Prism 7.0 [28] (Graph Pad Software Inc., San Diego, CA, USA). Significance was accepted at p ≤ 0.05.
Accession Number
The gene sequence reported in the current study is accessible in the National Centre for Biotechnology Information (NCBI) repository with accession number: MF374336.
Results and Discussion
Determination of Process Parameters for Optimal Exoperoxidase Production
The utility of peroxidase in different industrial sectors has led to an increased demand, which in the near future may not be met by horseradish peroxidase (HRP), the major commercially available peroxidase. Hence, the need for novel sources of peroxidase, particularly bacteria because they are more efficient, they grow faster, and can easily be modified genetically [14] . This study optimized extracellular peroxidase production by Ensifer adhaerens NWODO-2 through determination of the process parameters (medium pH, incubation temperature and agitation speed), which are significant for optimal growth and metabolic activities of an organism and amending the composition of the production medium. Bacterial growth has been linked to constant production of extracellular enzymes [12, 31, 32] . Hence, factors capable of influencing bacteria growth such as pH, temperature and agitation as well as the composition of the medium will invariably play an important part in enzyme secretion by the bacteria.
The pH of the cultivation environment significantly influences the electric charge of the microbial cell, consequently affecting the absorption of nutrients and intracellular enzymatic activities [33, 34] . The effect of initial medium pH on exoperoxidase production by Ensifer adhaerens NWODO-2 is presented in Figure 1a . The results showed that peroxidase production by the test strain, Ensifer adhaerens NWODO-2 within pH 5-9 was significantly different (F = 123.7, p value = p < 0.0001 for ANOVA). According to Tukey's test, however, peroxidase production at pH 5 (2.92 ± 0.14 U mL −1 ) and pH 8 (3.03 ± 0.32 U mL −1 ) was not significantly different. In this study, maximum peroxidase production was observed at an initial pH 7 (5.83 ± 0.00 U mL −1 ); peroxidase activity was not observed at pH 3, 4, 10 and 11 ( Figure 1a ). This finding agrees with the works of Rob et al. [35] and Nour El-Dein et al. [36] , in which maximum peroxidase production by Streptomyces avermitilis UAH30 and Streptomyces sp. K37 was achieved at pH 7 and 7.5, respectively. However, Musengi et al. [12] observed Appl. Sci. 2019, 9, 3121 5 of 15 optimum peroxidase production by Streptomyces sp. BSII#1 at pH 8 while we recorded pH 5 as the optimal pH for peroxidase production by Raoultella ornithinolytica OKOH-1 in a recent study [25] . It is worthy of note that the characteristic production of peroxidase by the test bacteria at a neutral pH augurs well for biotechnological applications as the large volume of acid and base required for pH adjustment would be saved [37] , consequently, reducing the cost of peroxidase production.
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Nutrient accessibility by microorganisms is influenced by agitation, which improves aeration and enhances appropriate mixing of nutrients during fermentation [41] . The influence of agitation rate on exoperoxidase production by Ensifer adhaerens NWODO-2 as presented in Figure 1c revealed that peroxidase production under static condition and across all the studied agitation speeds (50-200 rpm) differ significantly (F = 7.760, p value = 0.0226 for ANOVA), with the optimal production recorded at 100 rpm (5.31 ± 1.23 U mL −1 ). Nevertheless, the difference between peroxidase production at 150 rpm (3.50 ± 0.12 U mL −1 ) and 200 rpm (2.69 ± 0.12 U mL −1 ) was not significant (Tukey's test). This finding shows that peroxidase production by Ensifer adhaerens NWODO-2 was affected by agitation as there was a significant increase in peroxidase production at 100 rpm (5.31 ± 1.23 U mL −1 ) when compared with static condition (1.4 ± 0.00 U mL −1 ). This result is in agreement with previous similar studies, where agitation affected the level of enzyme production [22, 42, 43] . In this study, 100 rpm was the most favourable agitation speed for peroxidase secretion by the test organism but Patil [43] reported 180 rpm as the agitation rate that supported optimal lignin peroxidase production by Bacillus megaterium. The decrease in peroxidase production observed at 150 and 200 rpm in this study may be as a result of foaming or shearing stress on the mycelium.
Although the report on the induction of peroxidases by lignin monomers in bacteria is limited, there are quite a number of studies on the inductive effect of lignin monomers on peroxidase production by ligninolytic organisms, predominantly, fungi [44] [45] [46] . In this study, the effect of supplementing the production medium with 1 mM of different lignin monomers (Guaiacol-GA, Veratryl alcohol-VALC, vanillin-VAN, vanillic acid-VA and ferullic acid-FA) on exoperoxidase production was assessed and the results are shown in Figure 2a . The results revealed there was a significant difference in peroxidase production by Ensifer adhaerens NWODO-2 grown in fermentation media supplemented with the different lignin monomers (F = 1023, p value = p < 0.0001 for ANOVA). Also, Tukey's test showed that supplementation of the fermentation medium with guaiacol increased peroxidase production (AL + GA = 5.25 ± 0.00 U mL −1 ) by the bacteria when compared with the non-supplemented fermentation medium (AL), which served as the control (AL = 2.10 ± 0.00 U mL −1 ). However, the difference in peroxidase production when the test bacteria was cultivated in a fermentation medium supplemented with veratryl alcohol (AL + VALC = 2.10 ± 0.1 U mL −1 ) was not significant when compared with the control: non-supplemented fermentation medium (AL) in a Tukey's test. Our findings showed that guaiacol induced peroxidase production in Ensifer adhaerens NWODO-2 as it increased the enzyme production by about 50% (Figure 2a) . On the other hand, veratryl alcohol did not induce peroxidase production in the test organism while vanillin, vanillic acid and ferulic acid seemed to promote repression of the enzyme synthesis. This finding is consistent with our recent study [25] , where guaiacol was also reported as the best peroxidase inducer in Raoultella ornithinolytica but contrary to the findings of Musengi et al. [12] , where veratryl alcohol produced the best peroxidase-inducing effect in Streptomyces sp. strain BSII#1. Hence, inducers may be species-specific.
The influence of type and concentration of nitrogen sources on secretion of LMEs have been extensively studied, especially in fungi [47] [48] [49] but the findings are not always consistent [32] . Production media with adequate amount of nitrogen have improved the production of LMEs in some fungi [50] . More so, nitrogen-limited conditions have enhanced ligninolytic enzyme production [51] [52] [53] while in some cases, production of LMEs has been hampered by increased level of nitrogen [54] . The results from this study as presented in Figure 2b revealed there was a significant difference (F = 17,940, p value = p < 0.0001 for ANOVA) in peroxidase production by Ensifer adhaerens NWODO-2 cultivated in fermentation media supplemented with different inorganic nitrogen, with ammonium sulphate (YE + Ammonium sulphate) giving the maximum peroxidase production (11.31 ± 0.12 U mL −1 ). Moreover, Tukey's multiple comparison test showed that augmentation of the production medium with various inorganic nitrogen (ammonium nitrate; ammonium chloride; and ammonium sulphate) significantly increased peroxidase production by Ensifer adhaerens NWODO-2 when compared with non-supplemented fermentation medium used as the control (YE = 4.67 ± 0.00 U mL −1 ). This finding contradicts the result obtained by Falade et al. [25] , where supplementation of yeast extract with ammonium chloride supported optimum extracellular peroxidase activity by Raoultella ornithinolytica OKOH-1. The influence of type and concentration of nitrogen sources on secretion of LMEs have been extensively studied, especially in fungi [47] [48] [49] but the findings are not always consistent [32] . Production media with adequate amount of nitrogen have improved the production of LMEs in some fungi [50] . More so, nitrogen-limited conditions have enhanced ligninolytic enzyme production [51] [52] [53] while in some cases, production of LMEs has been hampered by increased level of nitrogen [54] . The results from this study as presented in Figure 2b revealed there was a significant difference (F = 17,940, P value = P < 0.0001 for ANOVA) in peroxidase production by Ensifer adhaerens NWODO-2 cultivated in fermentation media supplemented with different inorganic nitrogen, with ammonium sulphate (YE + Ammonium sulphate) giving the maximum peroxidase production (11.31 ± 0.12 U mL -1 ). Moreover, Tukey's multiple comparison test showed that augmentation of the production medium with various inorganic nitrogen (ammonium nitrate; ammonium chloride; and ammonium sulphate) significantly increased peroxidase production by Ensifer adhaerens NWODO-2 when compared with non-supplemented fermentation medium used as the control (YE = 4.67 ± 0.00 U mL -1 ). This finding contradicts the result obtained by Falade et al. [25] , where supplementation of yeast extract with ammonium chloride supported optimum extracellular peroxidase activity by Raoultella ornithinolytica OKOH-1. 
Exoperoxidase Production Over a Time Course
The Ensifer strain was evaluated for extracellular enzyme production with and without hydrogen peroxide for 144 h and the findings are shown in Figure 3 . The findings showed that Ensifer adhaerens NWODO-2 attained optimum peroxidase production (12.19 ± 1.05 U mL −1 ) at 48 h, corresponding to the late logarithmic growth phase with specific productivity of 12.76 ± 1.09 U mg −1 (Figure 3a,b) . However, there was a decline in exoperoxidase production as from 72 h, which corresponds to the early stationary phase. More so, exoenzyme activity (23.10 ± 0.82 U mL −1 ) was detected without the use of hydrogen peroxide and was optimal at 72 h, with specific productivity of 12.76 ± 0.45 U mg −1 protein (Figure 3a,b) . The production of peroxidase by Ensifer adhaerens NWODO-2 is growth-associated as the enzyme activity increased significantly at the logarithmic phase with optimum productivity attained at 48 h (Figure 3) . The sharp decrease in peroxidase production at 72 h may probably be associated with nutrient depletion or proteolytic activities [22, 55] . This finding is contradictory to previous related reports, where optimal production of peroxidase by other bacteria species was achieved at 72 h of incubation [23, 35, 36] . This discrepancy may be a result of bacterial growth rate, culture medium and inoculum size. The detection of an extracellular enzyme activity without the use of hydrogen peroxide, the typical peroxidase activator, is noteworthy as this may suggest probable laccase production by Ensifer adhaerens NWODO-2 [25] . (Figure 3a,b) (Figure 3a,b) . The production of peroxidase by Ensifer adhaerens NWODO-2 is growth-associated as the enzyme activity increased significantly at the logarithmic phase with optimum productivity attained at 48 h (Figure 3) . The sharp decrease in peroxidase production at 72 h may probably be associated with nutrient depletion or proteolytic activities [22, 55] . This finding is contradictory to previous related reports, where optimal production of peroxidase by other bacteria species was achieved at 72 h of incubation [23, 35, 36] . This discrepancy may be a result of bacterial growth rate, culture medium and inoculum size. The detection of an extracellular enzyme activity without the use of hydrogen peroxide, the typical peroxidase activator, is noteworthy as this may suggest probable laccase production by Ensifer adhaerens NWODO-2 [25] . 
Assessment of Agricultural Residues for Exoperoxidase Production
The high cost of production is a major challenge to the industrial application potentials of peroxidases. Hence, it is imperative to find cost-effective means of peroxidase production. The use of cheap substrates as alternative carbon sources for fermentation has been suggested as an efficient 
The high cost of production is a major challenge to the industrial application potentials of peroxidases. Hence, it is imperative to find cost-effective means of peroxidase production. The use of cheap substrates as alternative carbon sources for fermentation has been suggested as an efficient means of reducing enzyme production cost [56] . The abundance, availability and renewable nature of lignocellulosic materials confer on them the status of perfect candidates of cheap carbon sources. Agro-residues including sawdust, wheat straw, corn cobs, rice straw, peapods etc have been utilized for production of various lignocellulolytic enzymes through solid state and submerged fermentation processes [25, [57] [58] [59] [60] . However, SSF is perhaps, more promising for optimum utilization of agricultural residues for enzyme production as SSF is reported to be economical [61] . SSF is also characterized by high yield, low wastewater output and decrease in energy demand [62] . This study assessed selected agricultural residues (sawdust, wheat straw and corn stover) for peroxidase production by Ensifer adhaerens NWODO-2 under SSF and the results are presented in Table 1 . The results revealed that peroxidase production by the test organism differ significantly (p < 0.05) when cultivated on the different substrates, with sawdust supporting the highest production (37.50 ± 0.00 U mg −1 ) while the lowest production was recorded with corn stover (3.76 ± 0.00 U mg −1 ). This result is in agreement with previous similar investigations [25, 57, 63] , where high peroxidase activity was induced by sawdust as solid substrate under SSF. This finding could be linked to the inductive effect of the phenolic and non-phenolic constituents of sawdust. Nonetheless, enzyme activity was not detected in the absence of hydrogen peroxide when grown on sawdust and wheat straw but a specific extracellular enzyme activity of 1.23 ± 0.21 U mg −1 was detected in the absence of hydrogen peroxide when grown on corn stover. The extracellular enzyme activity observed in the absence of hydrogen peroxide when Ensifer adhaerens NWODO-2 was grown on corn stover indicates likely laccase production. This suggests that corn stover may possess phenolic compounds with inductive laccase effect [64, 65] .
PCR Detection of Peroxidase Gene
Molecular optimization and genetic engineering seem to be the best option for increased enzyme production. Hence, the imperativeness of detecting the gene responsible for the expression of the enzyme of interest in an organism. Figure 4a shows the gel picture of the PCR amplified product from Ensifer adhaeren NWODO-2. The results showed the band size of the amplified gene as 800 bp. The search of the nucleotide sequence in the UniProt Knowledgebase using blastx program showed 70.5% similarity to Ensifer adhaerens uncharacterized protein (ANK75658). However, phylogenetic analysis of the expressed protein sequence and selected bacterial heme peroxidases in the PeroxiBase database (peroxibase.toulouse.inra.fr) showed that it clustered with catalase-peroxidases (Figure 4b ). This finding suggests that the amplified gene from Ensifer adhaerens NWODO-2 may encode a novel catalase-peroxidase with an estimated molecular weight of approximately 31 kDa and isoelectric point of about 11. Bacterial catalase-peroxidases (KatG) belong to class I peroxidases of the peroxidase-catalase superfamily of heme-peroxidases [66] . Other members of class I peroxidases include yeast cytochrome c peroxidases and ascorbate peroxidases.
The KatG gene encodes the expression of both catalase and peroxidase activity [67] in an organism. This therefore suggests that peroxidase activity expressed in Ensifer adhaerens NWODO-2 may be attributed to the presence of the KatG gene in the new bacteria strain. Hence, the gene could be explored for large scale production of catalase and peroxidase through genetic engineering, which has proven difficult in fungi [15] . Apart from the fact that the KatG gene encodes peroxidase activity, bacteria catalase-peroxidases have recently been implicated in the degradation of lignocellulose [68, 69] . Therefore, the presence of the KatG gene in Ensifer adhaerens NWODO-2 further attests to its ligninolytic potential, which was previously reported by the authors [14] .
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Conclusions
Peroxidase production by Ensifer adhaerens NWODO-2 was optimal at a neutral pH, mesophilic temperature, mild agitation rate and relatively short incubation time. In this study, peroxidase production increased by over 100% under optimal conditions with guaiacol as an inducer and sawdust as the best substrate for solid state fermentation. The ability of the new strain to utilize agricultural residues as cheap renewable substrates for peroxidase production serve as an economical means of enzyme production, which could be employed for large-scale production and consequent biotechnological applications. Furthermore, a novel catalase-peroxidase encoding gene detected in Ensifer adhaerens NWODO-2 may be responsible for the peroxidase activity expressed in the organism. 
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